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Abstract: Bogs, as nutrient-poor ecosystems, are particularly sensitive to atmospheric nitrogen (N)
deposition. Nitrogen deposition alters bog plant community composition and can limit their ability
to sequester carbon (C). Spectroscopy is a promising approach for studying how N deposition affects
bogs because of its ability to remotely determine changes in plant species composition in the long
term as well as shorter-term changes in foliar chemistry. However, there is limited knowledge on the
extent to which bog plants differ in their foliar spectral properties, how N deposition might affect
those properties, and whether subtle inter- or intraspecific changes in foliar traits can be spectrally
detected. The objective of the study was to assess the effect of N deposition on foliar traits and
spectra. Using an integrating sphere fitted to a field spectrometer, we measured spectral properties of
leaves from the four most common vascular plant species (Chamaedaphne calyculata, Kalmia angustifolia,
Rhododendron groenlandicum and Eriophorum vaginatum) in three bogs in southern Québec and Ontario,
Canada, exposed to different atmospheric N deposition levels, including one subjected to a 18-year
N fertilization experiment. We also measured chemical and morphological properties of those
leaves. We found detectable intraspecific changes in leaf structural traits and chemistry (namely
chlorophyll b and N concentrations) with increasing N deposition and identified spectral regions
that helped distinguish the site-specific populations within each species. Most of the variation in leaf
spectral, chemical, and morphological properties was among species. As such, species had distinct
spectral foliar signatures, allowing us to identify them with high accuracy with partial least squares
discriminant analyses (PLSDA). Predictions of foliar traits from spectra using partial least squares
regression (PLSR) were generally accurate, particularly for the concentrations of N and C, soluble C,
leaf water, and dry matter content (<10% RMSEP). However, these multi-species PLSR models were not
accurate within species, where the range of values was narrow. To improve the detection of short-term
intraspecific changes in functional traits, models should be trained with more species-specific data.
Our field study showing clear differences in foliar spectra and traits among species, and some
within-species differences due to N deposition, suggest that spectroscopy is a promising approach for
assessing long-term vegetation changes in bogs subject to atmospheric pollution.
Keywords: functional traits; spectral signature; ombrotrophic bog; partial least squares regression (PLSR);
partial least squares discriminant analysis (PLSDA); spectranomics; spectroscopy; peatland; reflectance
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1. Introduction
Human activities are strongly altering the global nitrogen (N) cycle [1]. In particular, emissions of
biologically active N increased by 120% between 1860 and 2008 [2]. The emission of N has significant
impacts on natural ecosystems since its deposition on lands and seas increases the availability of
this major plant growth-limiting nutrient [1]. Ombrotrophic bogs are peatlands that are particularly
sensitive to N deposition because they develop in nutrient-limited, acidic, and waterlogged peaty soils
where atmospheric inputs are the main source of plant nutrients. These edaphic conditions lead to
very low decomposition rates [3], making bogs major atmospheric C sinks. Bogs cover large parts
of the globe, especially in the northern hemisphere, and store roughly a third of the global soil C [4].
In Canada alone, they cover 1136 × 103 km2, or 13% of the land surface [5]. Therefore, it is important
to understand how increased N deposition in bogs is affecting plant community composition and C
storage in their deep organic soils.
Field studies of N deposition impacts on bogs report an initial stimulation in plant productivity
and/or C accumulation following a moderate increase in N availability [6,7]. However, long-term
(10 to 15 years) N fertilization decreases the C sink capacity of bogs [8] by increasing decomposition
rates [8–10], or by increasing the productivity and cover of vascular plant species at the expense of
Sphagnum mosses, whose recalcitrant plant material contribute to much of the C accumulation in
peat [11]. The short-term effects of increased N deposition on bogs—before it starts significantly
impacting ecosystem function and C sequestration potential—are linked to changes in plant functional
traits and the composition of plant communities. For example, after five years of experimental
fertilization in a bog, biomass and leaf area index of vascular plants increased [11]. Changes in plant
community composition can therefore act as an early warning signal of ecosystem change due to N
deposition in bogs. Monitoring these changes in bogs is critical because of the important ecosystem
functions and services these ecosystems provide, particularly with regard to soil C storage.
Peatlands are vulnerable to trampling and often located in remote areas inaccessible by motorized
vehicles. Therefore, ground surveys using traditional field sampling techniques can be challenging.
Remote sensing, particularly imaging spectroscopy, is emerging as a promising approach for monitoring
the foliar chemistry and vegetation composition of bogs at high spatial and temporal resolutions
and over large spatial scales [12–14]. Indeed, studies conducted in various types of ecosystems
found promising results with regard to spectroscopic predictions of foliar traits [15–17]. Moreover,
spectroscopy could help distinguish plant species, since foliar spectral signatures strongly depend on
taxonomic identity [17–19]. A number of remote sensing studies of peatlands have been conducted,
often on community assemblage, plant functional types, and peatland classification [20–24]. To our
knowledge, however, leaf-level studies evaluating the potential of remote detection of short-term trait
variations and long-term community changes through species turnover have not been conducted in
peatlands. As a result, we do not know how environmental changes such as N deposition alters foliar
traits and spectra of bog plants, nor the extent to which bog plant species from different environments
differ inter- and intra-specifically in their spectral signatures. Such fine-scale, leaf-level studies are
critically important to interpret imaging spectroscopy data collected at broader spatial scales.
The goal of this study was to determine how N deposition affects foliar spectra and traits within
and among the most abundant vascular plant species in bog ecosystems. Our specific research
objectives were to (1) quantify the effects of N deposition on foliar traits and spectra across natural and
experimental gradients of N deposition; (2) determine the degree to which the potential variation in
leaf traits within and among species along N deposition gradients can be predicted from foliar spectra;
and (3) evaluate whether species can be reliably identified across these gradients, using foliar spectra.
To do so, we measured foliar spectra and a range of foliar traits influencing the spectral signal of four
vascular plant species across different N levels. We used a long-term bog fertilization experiment
and three natural bogs featuring different environmental conditions and positioned along a natural
gradient of N deposition. We hypothesized that N-related foliar traits (e.g., total N and chlorophyll
concentrations) would increase with increasing N availability across all species, and that these changes
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could be accurately predicted from leaf spectra. We also hypothesized that foliar spectra would
accurately predict most foliar traits based on previous studies in other ecosystems (e.g., [12,16,17,25]).
Finally, we hypothesized that interspecific spectral variation would exceed intraspecific variation, such
that species could be accurately identified with foliar spectra.
2. Materials and Methods
2.1. Study Sites
Field sampling was conducted in three bogs (sites; Figure 1) from 5 July to 2 August 2018, in an effort
to minimize phenology and seasonal effects. The three sites were the Mer Bleue peatland (MBP; [26]),
La Grande-Tourbière-de-Villeroy (GTV), and La Grande-plée-Bleue (GPB; Figure S1). These sites are
positioned along an environmental gradient of atmospheric N deposition (Figure 1), which was based
on an environmental characterization of peat and peat water (see Sections 2.2 and 2.3 for details).
 
′ ″ ′ ″
−
′ ″ ′ ″
Figure 1. Representation of the study design following an “Environmental gradient” (x-axis) and a
“Fertilization gradient” (y-axis). For La Grande-Tourbière-de-Villeroy (GTV) and La Grande-plée-Bleue
(GPB), wet atmospheric N deposition is estimated from nearby monitoring stations (Ouimet [27],
personal communication). Levels of fertilization (Mer Bleue peatland (MBP).Mid.N and MBP.High.N)
are described in Larmola et al. [26]. Wet atmospheric N deposition for MBP.No.N is mentioned in
Pinsonneault et al. [28]. Other sources of environmental variation among the three bogs include
differences in climate, pH, electrical conductivity, as well as variations in soil nutrient concentrations.
See Tables 1 and 2 for more details.
The ~35 km2 Mer Bleue ombrotrophic bog is situated in the Ottawa River Valley, approximately
10 km east of Ottawa (Ontario, Canada; 45◦24′36′′ N; 75◦31′01′′ W) in the Saint-Lawrence Lowlands
region. Mean annual temperature is 6.6 ◦C, ranging from −10.2 ◦C in January and 21.2 ◦C in
July. Mean annual precipitation is 919.5 mm with a mean rainfall of 347.5 mm between May and
August [29]. Peat depth ranges between 1–2 m at the edge of the bog area, and 5–6 m in the
center [30]. The Grande-Tourbière-de-Villeroy (46◦22′53′′ N; 71◦49′58′′ W) ~16 km2 bog system is
situated in the Appalachian region of Québec. The bog lies within the city boundaries of Villeroy,
Notre-Dame-de-Lourdes and Val-Alain (Québec, Canada). The depth of organic matter in the sampling
area is between 3.7 and 4.9 m with sand or till underneath [31]. Mean annual temperature is 4.8 ◦C,
ranging from−11.9 ◦C in January and 19.3 ◦C in July. Mean annual precipitation in the area is 1193.6 mm
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with a mean rainfall of 475 between May and August [29]. The Grande-plée-Bleue bog (46◦46′24′′ N;
71◦03′60′′ W) is located in Lévis (Québec, Canada) on the south shore of the Saint-Laurent river in
the Appalachian region. This ~15 km2 peatland encompasses a variety of peaty habitats, including
650 ponds and open areas dominated by Ericaceae on a hummock–hollow microtopography [32].
Mean annual temperature is 4.6 ◦C, ranging from −12 ◦C in January and 19.3 ◦C in July. Mean annual
precipitation in the area is 1178.7 mm with a mean rainfall of 461.9 mm [29]. The depth of the organic
matter reaches 4.5 m in the central zone [32].
In all sites along the natural gradient in N deposition, plots were established at distances of 10 m
from each other and >60 m from the bog edge. These plots were used for foliar sampling (see Section 2.2
for details). In addition, at the Mer Bleue peatland (MBP; Figure 1) experimental site [26], we sampled
plants growing in three levels of N addition from a long-term fertilization experiment. The three levels
of N addition from the experiment are referred to as MBP.No.N (background deposition), MBP.Mid.N,
and MBP.High.N (Figure 1; Table 1). Briefly, the experimental plots are fertilized in soluble form,
with NH4NO3 dissolved in 18 L distilled water (equivalent to the application of 2 mm of water on each
3 m × 3 m plots). Fertilizer was applied at three-week intervals from early May to late August each
summer. Control plots were treated with distilled water (see [11] and [33] for complete description of
the experimental design).
Table 1. Nitrogen fertilization rates and background wet nitrogen deposition at the Mer Bleue peatland





















2001 1.6 g m−2 a−1
3 10N E. vaginatum 2005 3.2 g m−2 a−1
3 20N all MBP.High.N 2005 6.4 g m−2 a−1
The environmental gradient of atmospheric N deposition was based on N content in peat and
atmospheric N deposition data ([27]; Table 2; see Figure S2 for details). Fertilization levels of the
experiment and estimations of atmospheric N deposition at the bogs are summarized in Figure 1.
The environmental gradient receives N within the range of deposition observed in Canada (0.2–1.2 g N
m−2 a−1; [1,11]). The experimental treatment MBP.Mid.N represents levels of fertilization as seen in
some parts of Europe (>2 g N m−2 a−1; [1]) whereas MBP.High.N represents levels projected to occur
in parts of Asia by 2050 (>5 g N m−2 a−1; [1]).
Table 2. Environmental properties measured along the environmental gradient. MBP: Mer Bleue,
GTV: Grande-Tourbière-de-Villeroy, GPB: Grande-plée-Bleue. MBP.No.N: no fertilization (background












Depositions (g m−2 a−1)
GPB 6 1.45 (0.78)
258.5
(147.24)
0.93 (0.25) 3.73 (0.05) 0.77 (0.99) 35.5 (2.51) ~0.5–1.0 [27]
GTV 6 2.89 (0.24)
77.83
(18.63)
0.81 (0.14) 3.9 (0.08) 3.35 (4.43) 50.17 (4.58) ~0.6 [27]
MBP.No.N 6 2.59 (0.7)
131.67
(61.76)
0.79 (0.1) 4.02 (0.15) 26.71 (23.64) 39.33 (2.25) ~0.4 [26]
The selected natural and experimental sites were similar in plant community composition and
hydrological conditions (e.g., no drainage channel). Sphagnum species and ericaceous shrubs dominated
the selected sites, including the sampled species Rhododendron groenlandicum (Oeder) Kron & Judd,
Chamaedaphne calyculata (L.) Moench, and Kalmia angustifolia L. Various Vaccinium species as well as
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Eriophorum vaginatum L. (Cyperaceae) were also present at all sites. Picea mariana (Miller) Britton,
Sterns & Poggenburgh and Larix laricina (Du Roi) K. Koch were present, although scattered, at all
sites. Sampling was conducted in the raised part of the bogs, characterized by a microtopography of
hummocks and hollows.
2.2. Sampling Design
We established circular plots (3 m diameter), in each bog, for foliar sampling of the four most
abundant vascular plant species: R. groenlandicum, C. calyculata, K. angustifolia (all in the Ericaceae
family), and E. vaginatum (Cyperaceae). Within the circular plots, we only selected plants growing on
hummocks for foliar sampling because of known differences in N interception [34], hydrology [34,35],
and decomposition [7,34], between hummocks and hollows. We collected peat and peat water samples
at 5–15 cm depth for laboratory measurements. Peat and water characteristics were measured at
least 24 h after any rainfall. At each site, we dug six holes reaching the water table to determine
water table depth. At the MBP site, for the experimental treatments (MBP.Mid.N and MBP.High.N),
we used triplicate 3 m × 3 m plots that were already established (starting year: 2001–2005) in areas of
homogenous vegetation [11]. In these experimental plots from the MBP, we sampled for leaves only
but could not collect peat samples (i.e., no environmental sampling) to prevent soil disturbance in this
long-term experiment (Table 1).
2.3. Environmental Gradient in Atmospheric N Deposition
Environmental characterization of peat and peat water for the determination of the environmental
gradient included measurements of total nitrogen (N; %), nitrate (NO3
−; mg kg−1) and ammonium
concentration (NH4
+; mg kg−1) in peat; and peat water pH and electrical conductivity (EC; µS/cm).
Measurements of peat and peat water pH and conductivity were conducted using a multiparameter
water quality meter (HI 9298194; Hanna instruments, Smithfield, RI, USA). Conductivity measures of
peat water were corrected for pH and temperature (◦C). Total nitrogen (% dry mass) was measured
using an elemental analyzer (CHNOS Elemental Analyzer Vario Micro Select; Elementar Analyze
system GmbH, Hanau, Germany). NO3
− and NH4
+ concentration of the peat and peat water were
measured following extraction with potassium chloride (KCl).
2.4. Leaf Collection and Preparation
We sampled foliar traits and spectra for a total of 94 plants. We selected first-year, fully expanded,
healthy, and fully sunlit leaves. We immediately sealed the leaf samples in plastic bags to minimize
water loss [36]. We measured leaf spectra within 15 min after collection (see Section 2.5 for details).
We then punched out leaf disks from the same leaves used for spectral measurements and stored them in
a cooler on ice before transferring the disks to a−80 ◦C freezer when back in the laboratory. We weighed
the other leaves from the bulk sample in the field, within 15 min after collection. These leaves were then
rehydrated for >6 h, weighed again, and scanned for leaf area. We used a CanoScan LIDE 220 scanner
(Canon, Brampton (Ontario) Canada) and the software WinFOLIA Reg 2016b (Regent Instruments
Inc., Québec (Québec) Canada) for measurement of total leaf area [37]. We oven-dried (72 h at 65 ◦C)
and weighed the scanned leaves. Leaf dry matter and leaf water content were calculated based on
rehydrated and dry weights (see [37] for details). The remainder of the bulk sample was ground to a
fine powder using a cyclone mill (2 mm mesh) for chemical analyses.
2.5. Spectral Measurements
Foliar spectral reflectance measurements were performed using a Spectra Vista Corporation
(SVC) DC-R/T Integrating Sphere fitted to an HR-1024i spectroradiometer (SVC, Poughkeepsie, NY,
USA), using a protocol for narrow leaves [38] adapted from Noda et al. [39]. Leaf arrays were
arranged on a custom sample mount, covering the majority of the leaf port area and each separated
by approximately 1 mm to prevent light scattering among leaves [39] (Figure S3). The spectra were
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corrected for stray light and referenced against a calibrated Spectralon® 99% reflectance standard
disk (Labsphere, North Sutton, NH, USA). Absolute adaxial reflectance of leaf array adjusted for gap
fractions were calculated using equations from Laliberté and Soffer [38] and the six reflectance spectra
for an individual plant were averaged. Overlap regions among the three detectors of the SVC were
removed and a linear interpolation was applied to obtain one mean reflectance curve per plant at 1 nm
spectral resolution for wavelengths 400–2400 nm. A Savitzky–Golay filter was used for smoothing the
foliar spectra, using different parameters for each region (Figure S4).
2.6. Leaf Chemical Analyses
Photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids) were extracted from leaf
disks with methanol and measured with a spectrophotometer (SPECTROstar® Nano, BMG LABTECH,
Guelph, ON, Canada) at wavelengths 470, 652, and 665 nm on a microplate [40,41]. The path length
(i.e., the height of the solution column in the microplate well) was estimated following Warren [40].
The concentrations of soluble C, hemicellulose, cellulose, and lignin (% dry weight) were determined by
sequential digestion of ground leaf samples [42] (Fiber Analyzer 2000; ANKOM Technology, Macedon,
NY, USA). Total N and C concentration (% dry mass) were measured from ground leaf samples using an
elemental analyzer [43] (CHNOS Elemental Analyzer Vario Micro Select; Elementar Analyse systeme
GmbH, Hanau, Germany).
2.7. Statistical Analyses
Differences in environmental properties among sites and foliar traits among species and sites
were tested using linear mixed models (LMM). Plots were treated as random factors in these analyses.
Linear mixed models were also used to evaluate differences in trait values. Measured (not predicted)
trait values are reported, and significant differences among the groups are reported based on post-hoc
Tukey tests performed among sites or species when one or both of these factors were significant in
the LMMs. We partitioned the total variation of traits among plants using species identity and site as
random effects. We also partitioned the total variation of spectra among plants using species identity
and site as random effects.
To examine the wavelength regions with the greatest differences among species growing in different
environmental conditions we carried out a forward feature selection (FFS) using the nearest neighbor
criterion [44] decreasing the total 2000 dimensions (bands) to a smaller subset which maximizes
separability between the classes of interest. Forward feature selection begins with an empty set, selects
the single best feature (band) and iteratively adds those that most improve separation between the
classes. The result of an FFS differs from transformations such as principal component analysis (PCA)
because FFS selects components (i.e., bands) from the full set of bands retaining the original units of
the data (i.e., reflectance). Dimensionality reduction through FFS has been shown to lead to higher
classification accuracies than PCA for vegetation spectra [45,46].
To predict foliar traits from spectral reflectance data, we used partial least squares regression
(PLSR). PLSR is specifically designed for high-dimensional datasets in which explanatory variables
are multicollinear [47], as it is the case for spectral measurements. Spectral measurements were
separated into training (calibration) and testing (validation) subgroups (70% and 30% of the data,
respectively). We selected the region of the spectra used for the modeling of each traits based on the
literature ([16,48–50]; Table S1). The PLSR models were trained with 100 iterations, using leaf traits
as the response and spectral data as the explanatory variables, respectively. We used the prediction
residual error sum of squares (PRESS), a coefficient that helps prevent overfitting [51], to identify the
optimal number of PLSR components and tested for significant differences in the PRESS criterion using
Tukey tests. We assessed model accuracy using the root mean square standard error of prediction
(RMSEP; original units), normalized RMSEP (NRMSEP; RMSEP/mean of measured values; %), and the
coefficient of determination (R2), averaged over all model iteration.
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We used partial least squares discriminant analysis (PLSDA) to assess the ability of leaf spectra
to distinguish plant species [52]. Data were iteratively separated into training (calibration) and
testing (validation) samples, using a 70:30 data split per species for model calibration and validation,
respectively. We ran 50 model iterations and chose the optimal number of components based significant
differences in the kappa score using Tukey tests.
Gap fraction correction for narrow-leaved species could influence the amplitude of reflectance in
the spectral data. Vector-normalization [53] reduces differences in amplitude in the spectra and focuses
instead on the shape of the curve, more relevant of the structure and chemistry of the leaves. Species
classification analyses (PLSDA and FFS) were conducted on vector-normalized spectra, because we
considered differences in the shape of spectra to be more relevant for the identification of the species
than differences in amplitude. All other analyses were conducted without spectra being normalized.
For all statistical tests, we used α = 0.05 as the significance level. We used the following R [54]
packages for data processing and statistical analyses: vegan [55]; caret [56]; emmean [57]; spectrolab [58];
signal [59]; nlme [60]. R (R Foundation for Statistical Computing, Vienna, Austria) scripts for all of our
analyses are available at https://github.com/AlizeeGirard3.
3. Results
3.1. Foliar Functional Traits
Most functional traits varied among species, but the magnitude of those species differences was
site-specific (site by species interaction; p ≤ 0.05; Table S2). Exceptions to this pattern were chlorophyll a
(Chl a; mg g−1 and mg m−2), Chl b (mg g−1), EWT, and LMA. Indeed, these traits differed among
species and sites, in an additive but not in interactive manner (Table S2). Species traits differed more
among species (representing 72.8% of variation) than among sites (representing only 0.4% of variation).
Unexplained variation accounted for 26.9% of the variation in among species. In particular, foliar
traits of E. vaginatum markedly differed from those of the three ericaceous species (Figures 2 and 3 and
Figure S5).
Foliar N concentrations varied among sites for all four species (Figure 2), with higher foliar N
concentrations at sites with greater soil N content (Tables 1 and 2, Figure S2). We found similar results
for Chl b (mg m−2; Figure 2), whereas the opposite pattern was found for the C:N ratio (Figure S5a).
E. vaginatum had the highest foliar N concentration of all species (Figure 2). LDMC was generally
highest at the GPB site, except for C. calyculata for which there were no significant differences among
sites (Figure 2).
All C fractions (soluble C, hemicellulose, cellulose, and lignin) differed among species (Figure 2;
Figure S5a) but did not vary much within species (Figure S5a). E. vaginatum had the highest hemicellulose
and cellulose concentrations, and the lowest soluble C and total C concentrations. That species also
showed the highest water content (EWT) and LMA (Figure 3).
3.2. Variation in Foliar Spectra
A variance partitioning analysis attributed 84% of the variation in foliar spectra to species identity.
By contrast, among-site variation (all species considered) in spectra was minor (0.5%), whereas 17.5%
of the variation was unexplained.
The FFS identified the spectral bands that helped to distinguish site-specific populations within
individual species, indicating spectral variations due to the environment and N deposition. The
most important bands varied among species (Figure 4). For C. calyculata, seven bands distributed
across the entire spectral range resulted in the highest nearest-neighbor (NN) criterion value (0.67).
In order of importance, these bands were 1478, 589, 1338, 1984, 1332, 1384, and 977 nm. E. vaginatum
showed the highest spectral variation across sites (as indicated by the standard-deviation) especially
in the near infrared (NIR; 720–1400 nm), short-wave infrared 1 (SWIR1; 1530–1900 nm), and SWIR2
(1900–2400 nm). The four bands contributing most to differentiating E. vaginatum among sites were
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2212, 1408, 2064, and 1405 nm, (NN criterion = 0.70). Six bands contributed most to differentiating
K. angustifolia spectra among sites (NN criterion = 0.67); 530, 2335, 2358, 531, 2325, and 2350 nm. Finally,
ten bands, predominantly in the visible (VIS; 400–720 nm) part of the spectrum, were optimal for
separating R. groenlandicum spectra among sites (NN criterion = 0.65); 547, 693, 541, 550, 543, 546, 1433,
544, 545, and 662 nm.
A closer examination of spectra of all species in the visible region (Figure 4a–d) revealed
covariations with Chl b (mg m−2; see Figure 3). This was most likely caused by higher Chl b content




Figure 2. Mean (±standard error) functional traits per plant species and sites. N: nitrogen, LDMC: leaf
dry matter content, Chl b: chlorophyll b. Colored points are from the Mer Bleue Peatland. Different
shapes indicate measurements from different bogs, and different letters indicate significant differences.
N content in the soil increases among sites along the x-axis. Letters indicate differences among groups
within each panel (p ≤ 0.05). Sample size for MBP.No.N = 23, GTV = 24, GPB = 24, MBP.Mid.N = 12,
and MBP.High.N = 11 (see Figure 1 for description of site acronyms).
Foliar Spectra in Relation to Functional Traits
Most foliar functional traits were well predicted by spectra in PLSR models (Table 3, Figure 5).
R2 validation coefficients of PLSR models ranged between 44% and 94% (Table 3). The models with
highest predictive power were those for C fractions, C:N ratio, and foliar N concentration, whereas the
worst-predicted trait was total carotenoid concentration (NRMSEP; 31.82%; Table 3). The NRMSEP
validation values were under 10% for LMA, LDMC, LWC, C:N, C and N concentration, and soluble
C. The difference in R2 for calibration and validation models varied between 3% and 16%. Generally,
trait predictions within species were overestimated for low values and underestimated for high values
(as shown by species-specific regression lines; Figure 5); as were global model predictions (dashed
black lines).
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Bands of particular importance for foliar trait predictions (Figure S6) were consistent with known
absorption features for these traits ([16,48–50]; Table S1). For instance, LDMC and LWC, as well as
EWT, were best predicted by water absorption bands (wavelengths around 1470 nm and 1927 nm).





Figure 3. Mean (±standard error) functional traits per species. Sample size for E. vaginatum = 23,
K. angustifolia = 24, C. calyculata = 24 and R. groenlandicum = 23. LDMC: leaf dry matter content, Chl:
chlorophyll, LMA: leaf mass per area, and EWT: equivalent water thickness. See Figure 1 for description






Figure 4. Normalized reflectance foliar spectra (mean ± standard deviation) and visible regions (VIS).
Light grey vertical bands indicate the wavelengths contributing most to the separability of populations
of species among sites based on the nearest-neighbor criterion in forward feature selection analyses.
(a–d) Inlets for each species’ spectra, showing the VIS region in more precision.
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Table 3. Statistics for partial least square regression (PLSR) models predicting functional traits from spectra.








cal val cal val
Total C (%) 46.05–56.95 51.24 (2.52) 1200–2400 5 0.9 0.83 0.8 1.05 2.06
LWC (mg g−1) 450.84–679.03 579.49 (55.38) 800–2400 5 0.76 0.7 26.69 30.98 5.35
Soluble carbon (%) 34.23–79.24 59.96 (13.48) 1200–2400 11 0.97 0.93 2.22 3.6 6.01
LDMC (mg g−1) 320.97–549.16 420.51 (55.38) 800–2400 5 0.76 0.7 26.69 30.98 7.37
N (%) 1.1–2.02 1.47 (0.24) 400–2400 8 0.87 0.77 0.08 0.12 7.99
C:N ratio 23.57–46.62 35.85 (6.47) 400–2400 8 0.89 0.8 2.11 2.95 8.23
LMA (g m−2) 73.21–168.53 124.55 (21.13) 800–2400 6 0.62 0.46 12.87 15.99 12.84
Cellulose (%) 6.45–28.41 14.6 (6.83) 1200–2400 7 0.97 0.92 1.25 2.02 13.85
EWT (cm) 0.01–0.03 0.01 (0) 800–2400 6 0.82 0.71 0.0018 0.0025 16.66
Hemicellulose (%) 5.12–33.69 13.19 (10.06) 1200–2400 10 0.97 0.94 1.58 2.55 19.33
Chl a (mg g−1) 1.63–6.42 3.4 (1.23) 400–760 6 0.76 0.68 0.6 0.72 21.19
Lignin (%) 1.94–23.44 10.72 (5.65) 1200–2400 7 0.88 0.81 1.93 2.52 23.48
Chl a (mg m−2) 166.2–1024.3 429.81 (196.32) 400–760 6 0.8 0.72 87.07 109.55 25.49
Chl b (mg g−1) 0.24–2.4 1.19 (0.46) 400–760 6 0.63 0.51 0.28 0.33 28.11
Chl b (mg m−2) 26.2–364.86 150.25 (71.47) 400–760 6 0.72 0.61 37.29 46.4 30.88
Carotenoids (mg g−1) 0.12–2.54 1.03 (0.42) 400–760 6 0.55 0.44 0.28 0.33 31.82
* Model NRMSE is calculated from validation model statistics. SD: standard deviation, cal: calibration, val: validation, C: carbon, LWC: leaf water content, LDMC: leaf dry matter content,
N: nitrogen, LMA: leaf mass per area, EWT: equivalent water thickness, Chl: chlorophyll.



















Figure 5. Relationships between predicted and measured leaf chemical and structural properties using
leaf-level spectral data. Solid line indicates a 1:1 relationship, black dashed lines are the linear
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relationship between predicted and measured values for all species combined, colored solid lines are
the linear relationship between predicted and measured values per species. Error bars indicate the
mean SD of PLSR predictions based on 100 iterations. N comps is the number of components per
model. RMSEP is the mean root mean square error of prediction in original units.
3.3. Species Discrimination Using Spectra
Foliar spectral signatures of the four species differed across much of the spectral range (Figure 6a).
 
 
Figure 6. (a) Mean (±standard deviation) of absolute reflectance spectra per species and spectral regions
(VIS: visible, NIR: near-infrared, and SWIR: short-wave infrared). (b) Absolute wavelength loadings
revealing their contribution to species discrimination through PLSDA analysis.
Despite the environmentally-driven intraspecific variation in spectra (Figure 4), species classification
based on normalized foliar spectra was highly accurate (Figure 7). Indeed, our PLSDA model resulted
in perfect classification accuracy of R. groenlandicum, and excellent classification accuracy (>95%
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correctly classified) for the other species. K. angustifolia and E. vaginatum were respectively mistaken
as R. groenlandicum in 2% and 3.3% of cases, and C. calyculata was mistaken as K. angustifolia or
R. groenlandicum in 4.6% of cases. Although all wavelengths contributed to species classification
(as shown by the relative loadings of bands in Figure 6b), we found peaks of particular importance
around 722 nm, 1419 nm, and 1881 nm. In addition, we found that the SWIR2 region (1900–2400 nm)




Figure 7. Classification accuracy per species using PLSDA on normalized leaf spectra based on
50 iterations, for which 70% of data were randomly selected to train the model and 30% were used to
test the model. Number of PLSDA components: 4.
4. Discussion
Our study highlights important differences in foliar traits and spectra among vascular plant
species in bogs spanning a wide range of environmental conditions, particularly with regard to soil N
availability. Consistent with our first hypothesis, we found that within-species variation in N-related
foliar traits, namely N concentration and Chl b content (mg m−2), tracked differences in N availability
across sites. We also found that most foliar traits measured could be accurately predicted from spectra.
However, intraspecific trait predictions were far less accurate. Despite the fact that intraspecific
variation in some N-related traits was related to N deposition, the largest amount of spectral variation
was found among and not within species, and we were able to accurately classify species from spectra
despite broad environmental variation among our sampled sites. Our leaf-level results show promise
for future applications of imaging spectroscopy to monitor ecosystem changes due to N deposition in
bogs, but suggest that spectroscopy in the optical range is better suited to detect changes in vascular
plant species composition rather than intraspecific differences in foliar chemistry. They also suggest
that remote sensing of vascular plant species and plant biodiversity in bogs using spectroscopy is
feasible across variable environments. However, further investigation is needed to accurately scale
our results to imaging spectroscopy from low altitude platforms (e.g., unmanned aerial vehicle, UAV)
since additional complications of plant structural, atmospheric, and illumination variables impact
plant spectra at those scales.
The majority of foliar spectral variation was linked to species identity, despite the fact that we
sampled across a wide range of environmental conditions. This finding suggests that environmental
variation has a much smaller effect on foliar spectra than does species identity, which is consistent with
studies in other ecosystem types that have found large spectral differences among species [25,61–63].
Different spectral bands in the VIS region of the three ericaceous shrubs allowed to distinguish
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site-specific populations, corresponding with an increase in pigment (i.e., Chl b, mg m−2) across the N
deposition gradient. For E. vaginatum, we found that its foliar Chl a and b concentrations (both area and
mass-based) was higher than that of the three ericaceous shrubs, and that its Chl b content (mg m−2)
varied across the N deposition gradient. However, the VIS region did not allow site differentiation
for this species. Féret and Asner [61] found that spectral variations are not directly proportional
to trait variations, since those correlations depend on the relative content of a chemical in the leaf.
They suggest that saturation in light absorption can occur if a given constituent of the leaf is in high
concentration. Therefore, small changes in a leaf trait related to a constituent in high concentration
might not be noticeable in the foliar spectra. By contrast, more variation in spectra can be detected if a
given leaf constituent is at lower concentrations. This might explain why no bands in the VIS region
contributed to differentiate E. vaginatum populations among sites. On the other hand, the increase in
foliar N concentration across the gradient might help to differentiate E. vaginatum populations growing
on sites with varying soil N availability. For instance, the wavelength 2064 nm, which is associated
with absorption by foliar proteins (2060 nm; [48]) was identified by the FFS analysis. Still, further work
is needed to better understand the link between trait and spectral variation within species, and to
better quantify the extent of environmentally-induced variation.
Remote plant species identification gives the opportunity to create species-level vegetation maps,
offering new possibilities for large-scale biodiversity surveys. In our study, we found high accuracy
in species classification based on foliar spectra using PLSDA. This was due to the relatively small
within-species spectral variation—in response to the environment—as opposed to the large interspecific
variation in plant traits. The high classification accuracy we obtained could possibly be due to the
fact that our models included a small number of species. However, a lower classification accuracy
was found when including fewer species [62], indicating that low species numbers does not guarantee
high classification accuracy. Moreover, Schweiger et al. [52] found high classification accuracies for
a PLSDA model with 14 grassland species. On the other hand, if intraspecific variation is high and
interspecific spectral variation is low, misclassification tends to be higher [61]. Here, this was shown
by the tendency of our models to classify many unknown spectra as being R. groenlandicum, the species
showing the highest intraspecific spectral variability (absolute reflectance). Other studies also found
promising species classification accuracy using imaging spectroscopy in bogs [22–24] and other
ecosystems [52,64,65]. Overall, our results show that species identification using spectral information
is reliable, even when data are collected under diverse environmental conditions. In particular,
the fact that we were able to distinguish three vascular plant species in the same family (Ericaceae) is
noteworthy, because foliar spectra have been shown to be phylogenetically structured [17–19,62].
The PLSDA analyses not only classified species accurately, but also indicated the contribution
of different spectral bands to the classification. These specific regions of importance in the spectra
are linked to traits that differ among the species [62]. In this study, all spectral regions contributed to
the classification, as found by Cavender-Bares et al. [62]. However, some regions were of particular
importance; the VIS region was important suggesting that pigment concentration was of high
importance for species discrimination [66]. In addition, the red edge (peak at 722 nm) contributed
strongly to species discrimination. Other regions (especially around 1419 and 1881 nm) were also
important for the classification of species due to two factors. First, rapid changes in reflectance just
before 1500 nm and 2000 nm were likely caused by variation in water content among the species [48].
A second factor underlying the importance of these regions could be the existence of significant
differences in C fractions in the leaves of the four species. Indeed, Curran [48] associated absorption
peaks of about 1420, 1450, and 1890 nm with lignin, starch, sugar (soluble C), and cellulose. All of
these traits (C fractions and water content) have absorption features that broadly overlap with each
other around those regions, explaining their importance in species classification models. Finally,
the regions around 2130 and 2180 nm are associated with absorption by proteins, which might be
explained by the important differences in foliar N concentrations between the Ericaceae and the
Cyperaceae. Remote identification of vascular peatland species would help to monitor changes in
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plant community composition, a frequently reported consequence of the many disturbances that occur
in these ecosystems. Here, we show that many spectral features differentiate these four abundant and
very common bog species. Furthermore, because ombrotrophic systems show relatively low vascular
plant species diversity, but relatively high functional diversity [12], we are confident that accurate
maps of plant community composition are within reach, with sufficiently high spectral and spatial
resolution (e.g., UAV imaging spectroscopy [12]).
The links between foliar spectra and environmental variation is not yet fully understood. Here,
we show that a gradient in N deposition in bogs, be it experimental or natural, leads to increases in foliar
N-related trait values. In particular, an increase in N availability for vascular plants was associated
with an increase in Chl b content (mg m−2), a result consistent with previous studies (e.g., [33]). It is
well known that photosynthetic pigments absorb the main proportion of incoming solar radiation
in the VIS (e.g., [48]). Consistently, a decrease in VIS reflectance (in line with an increase in pigment
concentrations) was detectable in our spectral data, for all species. Our future goal being to apply
these in situ findings to remotely sensed data, it is interesting to note that the four species in this study
reacted similarly in the VIS, as they all showed a diminution in the VIS reflectance along an increasing
N deposition gradient. Generally, informative leaf-level water-absorption bands (regions around 1400
and 1900 nm) are being lost when upscaling from leaf-level spectroscopy to remote sensing, since they
are masked by atmospheric water absorption [61,67]. Here, we show that the variations in the VIS
are similar among the four species, revealing a potential indicator for detecting temporal or spatial
differences in N depositions, with high-resolution remote sensing data such as those captured by UAV’s.
Imaging spectrometers mounted on UAV’s measure spectral reflectance at spatial resolution (pixel
size) in the cm range [13]. However, in bog ecosystems these image pixels would in most cases exceed
the size of individual leaves and plants, potentially leading to more than one species influencing the
spectral information in each pixel [68]. More work is needed to find solutions to such spatial scaling
problems [69].
Our results show high accuracy in multi-species trait predictions for several traits, demonstrating
the potential of spectroscopy to determine large-scale plant functional variation through non-destructive
approaches. For example, C:N ratio, total C and N concentrations, leaf water and dry matter contents
and soluble C were predicted with high accuracy (NRMSEP < 10%). In fact, the magnitude of errors
was similar to those obtained by traditional sampling techniques [15]. The capacity of multi-species
trait prediction is important as scaling up to airborne sensed data means a loss in spatial resolution,
meaning that many species might influence the spectral information captured within one pixel [12,68].
In contrast, species-specific PLSR models performed less well, probably due to little intraspecific trait
variation and thus small ranges of measured values. The most obvious examples for this are Chl a
and b predictions (both mass and area-based); regression lines within a species predicted values were
almost flat, meaning that for a range of measured values, the model always predicts approximately the
same value. Our multi-species PLSRs were not sufficiently accurate to allow for estimates of traits
within a small range of values (e.g., for a species), for which species-specific models trained with more
data would be needed [12].
5. Conclusions
Our study provided new insights about foliar spectral and trait variations in ombrotrophic bogs
along a natural and experimental gradient in N deposition. Despite broad environmental variation
across the sampled bogs, we found that species identity was the main factor influencing leaf spectral and
trait variation. However, intraspecific variation in some traits, notably foliar N concentration and Chl b
(mg m−2), suggests that spectroscopy shows potential to monitor N deposition across bogs, since these
traits could also be accurately predicted from spectra, even in the absence of changes in plant species
composition. Further studies on the sources of spectral and trait variation in other important bog
species, notably Sphagnum mosses, should be carried out in order to get a better representation of bog
vegetation. Overall, our study shows a strong potential for spectroscopy for foliar trait prediction and
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plant species identification in bog ecosystems, which could be used as a tool to monitor environmental
changes such as atmospheric N deposition.
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(colored background) used for the Savitzky–Golay filter on leaf spectra; Table S1. References for determination
of wavelength ranges used in PLSR analyses for leaf functional traits; Table S2. Statistical significance of site,
species and their interactive (site:species) effect in linear mixed effect models for foliar traits from E. vaginatum,
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